In this study, the redox state of iron in sodium silicate glasses was varied by changing the melting conditions, such as the melting temperature and particle size of iron oxide. The oxidation states of the iron ion were determined by wet chemical analysis and UV-Vis spectroscopy methods. Iron commonly exists as an equilibrium mixture of ferrous ions, Fe 2 + , and ferric ions Fe 3 + . In this study, sodium silicate glasses containing nanoparticles of iron oxide (0.5% mol) were prepared at various temperatures. Increase of temperature led to the transformation of ferric ions to ferrous ions, and the intensity of the ferrous peak in 1050 nm increased. Nanoparticle iron oxide caused fewer ferrous ions to be formed and the equilibrium ratio compared to that with micro-oxide iron powder was lower.
Introduction
he majority of commercial green glass contains iron oxide 1 , 2 ) because it is made with raw materials with low purity. Iron absorption peaks in the visible region lead to the development of green coloring.
)
Any effect of iron oxide in colorless glasses is not visible easily. To investigate its effects, it is better to consider it from the viewpoint of thickness because the vision route in this direction is longer.
Controlling the iron oxidation state in commercial glasses for the development of special colors or elimination of produced colors as a result of iron oxide is very important.
The absorption of infrared rays by glasses containing iron is also important for the protection of humans from harmful effects.
The effects of iron on the optical properties of glass have been studied widely by many researchers.
-8 )
Because iron has two redox states, Fe , and these states have different colors, control of the redox condition during melting is important in adjusting the transmittance of glass in the wavelength regions of UV, visible light, and IR.
)
When melted glass is placed in a reductive environment, the content of Fe 2 + increases, and the glass turns bluish green because Fe 2 + has a broad absorption band centered at 1050 nm. 7 , 8 ) This absorption band is utilized in IR-cut glass such as cold-filtered glass which is produced under reductive conditions. When melted glass is placed in an oxidative environment, the iron in the glass is oxidized to the Fe 3 + state and produces a yellowish color due to an absorption band which shows strong absorption below 380 nm that tails off towards longer wavelengths up to about 450 nm. in large amounts is used as UVcut glass. In particular, changes in melting temperature result in varying amounts of ferrous and ferric ions in glass.
Controlling the redox state of Fe ions in glass is therefore important for optical applications.
In this study, sodium silicate glass batches containing a specific amount of nanoparticle iron oxide were prepared and melted at various temperatures. Their UV-Vis spectra were traced, and the amount of ferrous ions were determined by wet chemical analysis as in the Joung method. Based on the results, the influence of nanoparticle iron oxide and melting temperature on the intensity of absorption peaks was discussed.
Experimental Procedure
In these experiments, the batches were mixed from reagent grade raw materials; SiO . As an iron oxide additive, nano-powder iron oxide with a grain size of 6 nm and purity of 99/9% made by GmbH Plasma Chem Company was used in these experiments. Chemical compositions of the glasses and batch melting temperatures are summarized in Table 1 . Glass batches were melted in an alumina crucible and a VECSTAR kiln with air atmosphere. The rate of heating for all samples by this kiln was 5 o C/min at room temperature. The loading of the batches into the crucible was done at temperatures between 900 and 950 o C. These temperatures should not be higher because it causes a substantial volatilization of reagents. After an entire batch was pre-melted and sintered in the crucible, the tem-
T perature was increased stepwise to the melting temperature. The processing temperature was varied from 1350 to 1650 o C and maintained for 2 to 2½ h. The lasting period is very important because 1) the melting temperature (also marked as the equilibrium temperature) is later used as a temperature for thermodynamic calculations, 2) bubbles must be removed from the glass melts which could disturb the optical absorption measurements and 3) glass melts are homogenized in the whole crucible. After this period, the glass was quickly cast at the same temperature in a preheated (T= 450 o C) stainless steel mold with dimensions of to avoid temperature-caused inhomogeneity. It was then cooled in a preheated furnace to ambient temperature using a cooling rate of 30 K.h 3. Results and Discussion (350~500 nm) were identical in all the melted samples as shown in Fig. 2 . As the temperature increased, the intensity of the absorption peak at 1050 nm also increased. This result means that the amount of ferrous ions had increased. The amount of increase or decrease in ferric and ferrous ions with increasing temperature was determined by wet chemical analysis, and the results are shown in Table 2 and Fig. 3 . Increase of temperature led to a slight change in the chemical composition of glass. By putting a bonnet on the crucible during melting, this change was minimized. At low temperatures before the formation of the melt, reaction between oxygen in the atmosphere and species in the raw material occurs easily, and this affects the redox state of the species and the oxygen activity in the melt. Oxygen is produced in the melt at elevated temperature if the material contains Fe , which is abundantly present in the material. The equation can be written as in 6 ) as
Since the equilibrium shifts to the right with temperature increase, the oxygen activity in the melt will increase. Such phenomena are well known not only in glass 6 ) but also in melt containing redox species by oxygen equilibrium pressure 1 3 ) or voltammetry.
4 )
Nanoparticles of iron oxide in a batch cause the formation of the melt layer at low temperature. With increase of temperature, more oxygen is generated by the reduction of ferric ions; thus, more ferrous ions will be formed.
)
However, after the melt layer is formed on the batch during melting, the release of oxygen from the batch to the atmosphere is prevented due to the low diffusion coefficient of oxygen in the melt. Under such conditions, the reaction represented by equilibrium (1) is suppressed due to the high oxygen activity, and the concentration of Fe 2 + in the melt is kept low. Also, with increase of temperature due to increasing oxygen ions, the existence of these ions enhances and consequently decreases oxygen activity in molten glass; therefore, the amount of ferrous ions increases. Finally, increase of temperature leads to the transformation of ferric ions to ferrous ions, and the intensity of ferrous peak in 1050 nm increases. Fig. 4 shows the effect of temperature increase on the equilibrium ratio in comparison with results of other studies.
The variation slope in Fig. 4 is due to the existence of nanoparticle iron oxide in the glass batch, which leads to rapid formation of the molten layer with batch powder. This phenomenon takes place at low temperature, and non-bridging oxygen cannot exit from the molten glass, and fewer ferrous ions are formed. This phenomenon is not possible when micro size iron powder is used because melt is maintained at higher temperatures to achieve an equilibrium condition. All the above suggestions based on the reactions in (1) are consistent with the Fe 2 + to total-Fe ratios shown in Table 2 . We will now discuss the oxygen activity in the melt. As seen in Table 2 to total-Fe ratio is maintained in the glass produced. However, the results suggest that the total amount of oxygen diffused into the melt from the atmosphere is not large enough to affect the Fe 
Conclusion
Sodium silicate glasses containing nanoparticle iron oxide as raw material were prepared by melting at various temperatures. The redox state of iron in the glass was measured by optical absorption spectroscopy and wet chemical analysis. The oxidation-reduction of iron was controlled by both batch melting temperature and nanoparticle iron oxide. Temperature increase led to reduction of ferric ions to ferrous ions. This resulted in the intensity increase of the ferrous peak at 1050 nm of the spectrum. The results of wet chemical analysis also showed an increase in the amount of ferrous ions with temperature increase. Introduction of nanoparticle iron oxide into the batch caused fewer ferrous ions to be formed, and the equilibrium ratio comparing with using micro-oxide iron powder decreased. ------------
